The bacteriocin LsbB targets a membrane-bound zinc-dependent peptidase. Results: The structure of LsbB was resolved by NMR. The C-terminal unstructured domains of LsbB and several other related bacteriocins were responsible for receptor binding. Conclusion: A subgroup of leaderless bacteriocins has been found to share a similar mechanism in receptor recognition. Significance: The study highlights the structure-function relationship of LsbB.
Bacteriocins are ribosomally synthesized antimicrobial peptides produced by bacteria. They are often cationic and/or amphiphilic and contain between 25 and 70 amino acids (aa). 2 Although most eukaryotic antimicrobial peptides have broad spectra of antimicrobial activity, most bacteriocins have narrow inhibitory spectra and are normally active against only related species or genera. Bacteriocins show antimicrobial activity at pico-to nanomolar concentrations and are thus ϳ100 -1000 times more potent than their eukaryotic counterparts (1) . It has been suggested that between 30 and 99% of all bacteria produce at least one bacteriocin, but the specific roles of these bacteriocins in nature are not well understood (2) . It is, however, generally believed that bacteria may use bacteriocins as a means to compete with other bacteria for common resources and/or that bacteriocins may play an active role in defining the microbial composition in certain niches (3) . Although hundreds of bacteriocins and/or their producers have been discovered during the last two or three decades, and many of them are believed to have great potential as preservatives or drugs in diverse applications, nisin and pediocin PA-1 are so far the only bacteriocins that have been authorized as preservatives in the food industry (4 -6) . One of the main reasons for the limited success rate in the application of bacteriocins is probably the lack of detailed knowledge of their mode of action. Knowledge of the structure and the mode of action is essential for rational design of new bacteriocin variants with properties that make them especially useful for medical and biotechnological applications.
The three-dimensional structures of only a few bacteriocins have presently been determined; these mostly include some modified bacteriocins called lantibiotics and some nonmodified bacteriocins belonging to the pediocin-like and two-peptide bacteriocin subgroups (7) (8) (9) (10) (11) . Even for these bacteriocins, very little is known about the part of these peptides that is directly involved in receptor binding or pore formation (12) .
LsbB is a small (30 aa) and nonmodified bacteriocin produced by Lactococcus lactis BGMN1-5 isolated from cheese. This bacteriocin belongs to the so-called leaderless bacteriocin group whose members are different from most bacteriocins in that they do not involve an N-terminal leader sequence or signal peptide for export (6, 13, 14) . Many, if not all, leaderless bacteriocins have formylmethionine at their N termini, a feature that distinguishes these molecules from other processed bacteriocins (15) . Most of the leaderless bacteriocins have been identified in recent years, and insight into their biosynthetic pathways, structures, and mode of action is still limited (16) . To our knowledge, the only leaderless bacteriocin that has been determined structurally is the two-peptide bacteriocin enterocin 7, which consists of the peptides Ent7A and Ent7B (7) .
LsbB has a narrow inhibitory spectrum that includes mostly lactococcal cells (17) . Recently a zinc-dependent membranebound metallopeptidase has been identified as the receptor for LsbB on target cells (18) . In the present work, we determined the three-dimensional structure of LsbB and defined the part of the bacteriocin involved in the receptor binding. The structure of LsbB appeared to be different from Ent7A and Ent7B. In addition, we report the identification of some sequence-related bacteriocins with receptor binding domains that most likely target the same receptor as LsbB.
MATERIALS AND METHODS
CD Spectroscopy-CD spectra were recorded using a Jasco J-810 spectropolarimeter (Jasco International Co.) calibrated with D-camphor-10-sulfonate (Icatayama Chemical). All measurements were done using a quartz cuvette (Starna) with 0.1-cm path length. Samples were scanned five times with a scanning rate of 50 nm/min with a bandwidth of 0.5 nm and response time of 1 s over the wavelength range 190 -245 nm. At least two replicates of each measurement were made. Spectra were recorded at different dodecylphosphocholine (DPC) (Avanti Polar Lipids) to peptide ratios, at different trifluoroethanol (TFE) (Aldridge) concentrations, and at temperatures between 20 and 50°C.
NMR Spectroscopy-The experiments were run on LsbB samples containing ϳ1 mM of the peptide. The DPC micelle experiments were run with a molar ratio between peptide and d 38 -DPC (98% 2 H) (Cambridge Isotopes) of ϳ1:200. The TFE experiments were run in 50% d 3 -TFE (99.5% 2 H) (Aldrich). All samples contained 0.2 mM of 4,4-dimethyl-4-silapentane-1-sulfonic acid (Larodan) for internal chemical shift referencing. 5% of D 2 O was added to the samples to provide lock signal.
Two-dimensional NOESY (19) , two-dimensional total correlation spectroscopy (20) , two-dimensional double-quantum filtered correlation spectroscopy, 15 N heteronuclear single quantum coherence (21) , and 13 C heteronuclear single quantum coherence (22) were recorded for LsbB in TFE and DPC. In addition, a double filtered heteronuclear multiple bond correlation (23) was recorded for the TFE sample. The data were acquired on a 600 MHz Bruker Avance II spectrometer with four channels and a 5-mm triple resonance cryoprobe (Bruker Biospin). NOESY spectra with mixing times between 120 and 300 ms were obtained for both samples. Total correlation spectroscopy mixing times of 80 ms were used. The experiments were run at temperatures of 298.15 and 293.15 K for the DPC and TFE samples, respectively. Spectra were processed using the Topspin program (Bruker Biospin). 4,4-Dimethyl-4-silapentane-1-sulfonic acid was used as a chemical shift standard, and 15 N and 13 C data were referenced using frequency ratios as described (24) .
For visualization, assignment and integration of the spectra the computer program CARA was used (25) . The spectra were assigned using standard methods (26) .
Dihedral angle restraints were obtained from the chemical shift values using the program TALOSϩ (27) . NOE distance restraints were calculated from the peak volumes in the NOESY spectra with NOESY mixing times of 120 and 200 ms for the DPC and TFE samples, respectively.
All structure calculations were made using the structure calculation program CYANA 2.1 (28, 29) . All the applied restraints are presented in Table 1 . The annealing macro in CYANA calculated 100 structures. The 20 structures with the lowest energy were kept and analyzed further. The root mean square deviation was calculated, and the structures were visualized using MolMol software (30) .
Bacterial Growth Conditions, Biological Antimicrobial Assays, and Peptides-The bacterial strain L. lactis IL1403, which was used as indicator for LsbB activity, was grown in M17 medium (Oxoid) supplemented with 0.5% (w/v) glucose (GM17) at 30°C without shaking. The bacteriocin activity was assayed using a microtiter plate assay (31) . The minimum inhibitory concentration (MIC) was defined as the minimal bacteriocin concentration that inhibited the growth of the indicator strain by at least 50% (50% of the turbidity of the control culture without bacteriocin) in 200 l of culture. MIC value of LsbB against L. lactis IL1403 was shown to be 0.125 ng/ml (36 pM).
To determine the blocking activity of the truncated peptides, a microtiter plate assay was performed as follows. The peptides Structure and Receptor Binding Domain of LsbB AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
were first diluted 2-fold in 50 l of medium on a microtiter plate. To each well, 145 l of a diluted and fresh culture of L. lactis IL1403 (i.e. 50 times diluted overnight), and 5 l of LsbB at concentration 50 ng/ml were added so that the final concentration of LsbB in each well was 10 MIC (1.25 ng/ml). Growth assay was measured spectrophotometrically at 600 nm (A 600 ) for 8 h with 15-min intervals using SPECTROstarNano (BMG LABTECH).
In addition to the full-length LsbB molecule, 22 peptide fragments derived from the sequence of LsbB were synthesized (Table 2 ). For the sequence-related bacteriocins, enterocin EJ97 (EntEJ97) and a peptide with no annotation (National Center for Biotechnology Information Reference Sequence: WP_ 002339170.1, hereafter referred to as enterocin K1 (EntK1)), their fragments consisting of the last 20 aa were synthesized. All peptides were synthesized by GenScript Company (USA), all with purity of at least 95%. The purity of LsbB used for NMR was 98.4%. Synthesized peptides were solubilized to a concentration of 0.1-10 mg/ml in 0.1% (v/v) trifluoroacetic acid and stored at Ϫ20°C until use.
Construction of LsbB Mutants-Selected residues at the C-terminal end of the whole LsbB molecule were mutated to alanine by a PCR approach. A forward primer (F-lsbB) was combined with individual primers designed to introduce the appropriate nucleotides (Table 3) . PCR was performed in 30 cycles each consisting of a denaturation step at 95°C for 30 s, an annealing step at 48°C for 30 s, and a polymerization step at 72°C for 30 s and then finished up with 7 min at 72°C. Obtained PCR DNA products were first cloned into pGemT easy vector (Promega) before the inserts were obtained using EcoRI and EcoRV as restriction enzymes and cloned into the expression vector pAZIL predigested with EcoRI and SmaI. Obtained constructs were expressed in L. lactis subsp. cremoris MG7284, and their bacteriocin activity was tested against L. lactisIL1403 on a Minimal molar ratio of blocking (MMRB) is defined as the least molar ratio between the truncated peptide and LsbB required to attain blocking. The number in parentheses denotes the actual concentration of the blocking peptide at the minimum blocking ratio. The concentration of LsbB used in the assay was approximately 0.36 nM, which is ϳ10 MIC. b The molar ratio between the indicated fragment and P4 fragment at their lowest concentrations that cause blocking of LsbB. c NBA, no blocking activity at highest concentration tested, ϳ0.14 -0.15 mM for P1 to P3; 0.2 mM for P4 -1 to P4 -5; 0.4 -0.6 mM for PC-4 and PC-5; and 0.25 mM for PA-3. 
5Ј-TGATATCTTAAGCTTTTCCACGTTCCCATGGAGCGCCGCC-3Ј LsbB-A29 MKTILRFVAGYDIASHKKKTGGAPWERGAA a Underlined letters indicate the site for the restriction enzyme EcoRV; underlined triplets in italic indicate alanine substitution sites. b Underlined letters indicate residues replaced with alanine.
plate assay. The identities of all inserts were confirmed by DNA sequencing.
RESULTS
Structural Analysis by CD Spectroscopy-CD spectra of LsbB showed that LsbB was unstructured in water but became structured in TFE and DPC solutions (supplemental Fig. S1 ). Maximum structuring was obtained at the peptide to lipid ratio of 1:200 (12 mM DPC) and in 50% TFE. The conditions were consequently used in the respective NMR experiments.
Structural Analysis of LsbB by NMR Spectroscopy-The structures were assigned using standard methods as described under "Materials and Methods." Supplemental Fig. S2 shows the assigned 15 N heteronuclear single quantum coherence spectrum of LsbB in DPC. Fig. 1 shows connected strips from NOESY, the torsion angle restraints used in structure calculations, and the C␣ chemical shift indexes (CSIs). CSIs based on the C␣ chemical shifts of LsbB (32) are shown in Fig. 1 (A and B) for TFE and DPC, respectively. Chemical shift indexing indicates that there is an ␣-helix in LsbB from residues 5-16 in TFE and from residues 2-15 in DPC. TALOSϩ torsion angle predictions indicated backbone torsion angles (-and -angles) consistent with ␣-helical regions between and including residues 4 -18 and 3-15 in the presence of TFE and DPC, respectively (Fig. 1, C and D) A total of 433 (14.4 per residue) and 400 (13.3 per residue) unique NOE connectivities were assigned for LsbB in the presence of TFE and DPC, respectively. The total number of distance restrictions and their classes are shown in Table 1 . The mid-range NOE connectivities that are especially important for ␣-helices, NN (i,iϩ2), ␣N(i,iϩ2), ␣N(i,iϩ3), ␣␤(i,iϩ3), and ␣N(i,iϩ4), are shown in Fig. 1 (C and D) for LsbB in TFE and DPC, respectively. For LsbB in the presence of TFE, the observed connectivities indicated an ␣-helical region stretching from residues 3 to 18, and in DPC the helical region was from residues 3 to 16. Thus, these NOE connectivities are in accordance with what was predicted by CSI and TALOSϩ.
Structures of LsbB in TFE and DPC were calculated using CYANA. A superimposition over the helical part of the 20 lowest energy structures of LsbB exposed to TFE or DPC is shown in Fig. 2 (A and B, respectively) . The peptide structures have been deposited to the Protein Data Bank with access codes 2MLU (LsbB in DPC) and 2MLV (LsbB in TFE), and the NMR data have been deposited to the Biomagnetic Resonance Data Bank with the access codes 19832 (LsbB in DPC) and 19833 (LsbB in TFE). Cartoon drawings of LsbB in the presence of TFE and DPC are shown in Fig. 2 (C and D, respectively) . Well defined structures were obtained when superimposition was made over a selection of residues comprising regions where CSI, J-couplings, TALOS, and NOE connectives predicted secondary structure.
The Receptor Binding Domain of LsbB Is Located in the C-terminal
Half-It has recently been shown that LsbB requires the membrane-bound protease YvjB as a receptor on target cells (18) . Given that the structure of LsbB revealed distinct domains within the molecule, we wished to examine which part of LsbB is involved in receptor binding. A set of four truncated fragments of the LsbB molecule were synthesized: P1-P4, with coordinates: aa 1-15 for P1, aa 6 -20 for P2, aa 11-25 for P3, and aa 16 -30 for P4 (Table 2 ). These peptides were assessed for their antimicrobial activity, as well as their ability to block the activity of the full-length peptide LsbB. None of these truncated peptides, either as individuals or in any combinations, had any antimicrobial activity, as judged from our standard microtiter plate assay (data not shown). However, when assessing their blocking activity, P4 (consisting of the last 15 C-terminal residues) was found to be the only peptide that blocked the antimicrobial activity of LsbB. The minimal molar concentration of P4 was ϳ100 times higher than that of LsbB to attain blocking ( Table 2 ). The remaining three fragments, P1-P3 did not protect L. lactis IL 1403 from the killing by LsbB, even at the highest concentrations applied ( Table 2) .
The aa sequence of P4 is HKKKTGGYPWERGKA. It contains only one acidic residue (E) but six basic residues with four (HKKK) of them being located at the N terminus of this peptide. The high content of basic residues in P4 results in a highly cationic peptide with a pI of 10.68. To further examine the importance of these residues in receptor binding, a series of six shorter peptides, each of ten amino acids in length, was generated ( Table 2 ). The coordinates of these peptides moved along the sequence of P4, one amino acid a time. Surprisingly, only the peptide (P4-6) with the last 10 residues (GGYPWERGKA) but without the preceding four basic residues (HKKK) had blocking activity, whereas the other peptides located N-terminally had not. However, the blocking activity of P4-6 is much less potent compared with that of P4, ϳ200-fold lower (Table  2) .
To define the shortest truncated peptide with blocking activity, further N-terminal truncation of P4-6 was performed, giving rise to the peptides PC-8 (YPWERGKA), PC-7 (PWERGKA), PC-6 (WERGKA), PC-5 (ERGKA), and PC-4 (RGKA) ( Table 2) . PC-8 appeared to have almost the same blocking potency as P4-6, whereas PC-7 and PC-6 had ϳ5-and 25-fold lower blocking activity than P4-6, respectively. PC-5 and PC-4 did not have any detectable blocking activity at the highest concentrations tested ( Table 2) .
The Residue Trp 25 Is Crucial for Receptor Binding-Given that the short sequence P4-6 (10 amino acids) had a relatively good blocking activity, we performed alanine substitution to most of the residues of this peptide to assess their importance in receptor binding (Table 2) . Surprisingly, only one of these changes had a significant impact: the substitution of the tryptophan at position 25 to alanine (W25A) totally abolished the blocking activity of the resulting peptide PA-3. On the contrary, the substitution of glutamic acid (E26A) in PA-4 increased its blocking potency 2-fold. Substitution at the other residues had no apparent impact on the blocking potency ( Table 2) . We also generated similar alanine substitutions at the same residues on the full-length LsbB. As expected, only the substitution of the tryptophan (W25A) caused total loss of antimicrobial activity, whereas the other substitutions still retained the antimicrobial activity of the molecules, although with various strength (Fig.  3) .
C-terminal Parts of Homologous Peptides
Block the Activity of LsbB-A search for LsbB homologues in public data bases revealed several hits of significance; they all are from Enterococcus species. These are two known enterocins, EntQ and EntEJ97, and three unannotated open reading frames, of which one (termed EntEJ97T) differs from EntEJ97 at only one position (Fig. 4) . Notably, all these peptides contain a consensus motif, KXXXGXXPWE (where X is less conserved or any amino acid), at their C-terminal halves. One of the unannotated peptides was termed EntK1 after its antimicrobial activity was confirmed by using synthetic peptide (data not shown).
Given the blocking activity of the C-terminal half of LsbB, we obtained truncated peptides with sequence derived from the last 20 amino acids of EntEJ97 and Ent K1 (EntEJ97-C20 and EntK1-C20) and assessed for their blocking activity against LsbB. Both EntEJ97-C20 and EntK1-C20 were, as expected, capable to block LsbB activity ( Table 2 ), indicating that these two peptides most probably bind to the same receptor as LsbB.
DISCUSSION
Structural analyses using CD and NMR spectroscopy suggest that the structure of LsbB can be defined into three functional parts ( Fig. 2) : (i) an N-terminal domain consisting of an amphiphilic ␣-helix of ϳ15 residues; (ii) a small middle region (residues 15-18) consisting of a series of basic amino acids (HKKK motif) that contribute to a relatively high pI, a typical characteristic of most bacteriocins; and lastly (iii), the C-terminal part (residues 19 -30), which is unstructured in water and in organic solvents (TFE and DPC). Further analyses revealed that the receptor binding domain of LsbB is likely to be located at the C-terminal half, more specifically within the last C-terminally located 8 aa of LsbB. This notion is based on the fact only truncated peptides derived from this region were able to prevent LsbB from killing of target cells. It is reasonable to believe that these truncated peptides compete with the full-length LsbB for the same receptor on target cells, and at higher concentrations, they efficiently prevent LsbB from gaining access to the receptor and thereby rescuing cells from being killed.
Among the truncated peptides tested for blocking activity, P4 appears to be the most potent one. The minimum molar ratio of P4 in excess to LsbB to prevent killing was ϳ100 to 1. This peptide covers the last 15 aa (HKKKTGGYPWERGKA) and includes the series of cationic residues (HKKK) at its N terminus. Surprisingly, removal of these basic residues, such as the resulting P4-6 (GGYPWERGKA), could still retain blocking activity. Notably, the blocking activity of P4-6 is specific because the five flanking and overlapping fragments P4-1 to P4-5 did not have any blocking activity at all. Nevertheless, the blocking activity of P4-6 was ϳ200 times less potent than that of P4. Based on these results, our interpretation is that the series of basic residues is not directly required for specific targeting, but it is apparently crucial for the initial and unspecific interaction between the positively charged bacteriocin and the negatively charged phospholipid layer of the membrane. This unspecific electrostatic interaction will then be followed by a specific interaction between the receptor binding domain (the last 8 aa) of LsbB and the receptor (YvjB), which subsequently leads to disruption of membrane integrity and killing of the target cells. This mode of action resembles to some extent the model proposed for plantaricin A, a peptide pheromone that binds to the membrane-located histidine protein kinase involved in a quorum sensing regulation of a bacteriocin locus (33) . Like LsbB, plantaricin A is a bimodular and small peptide (26 aa); it is composed of an N-terminal unstructured part and a highly cationic C-terminal helical part (34) . The latter part has been proposed to be involved in the initial and unspecific (chirally independent) binding to the membrane by electrostatic interaction, whereas the former (i.e. the unstructured N-terminal part) becomes structured upon specific binding to the kinase protein. Because most bacteriocins are highly cationic and often contain an unstructured part in water or in membrane-like environments, it is tempting to speculate that most of them might apply a two-step receptor targeting strategy as proposed for LsbB and plantaricin A, i.e. an initial unspecific interaction facilitated by electrostatic interaction and a subsequent and specific interaction between the receptor binding domain of the bacteriocin and its membranelocated receptor.
The structure of LsbB is quite different from that of the well characterized pediocin-like bacteriocins (10) . It has been shown that this group of bacteriocins exploits the membranebound sugar permease, mannose phosphotransferase system (man-PTS) as receptor on target cells (35) . These bacteriocins bind directly to the membrane-located components IIC and IID of the man-PTS. Using hybrid bacteriocins (containing parts from different pediocin-like bacteriocins), it has been shown that the receptor binding domain of these bacteriocins is most likely located in their C-terminal halves (36, 37) . Interestingly, lactococcins A and B, which are nonmodified and non-pediocin-like bacteriocins, also exploit man-PTS as receptor on target cells (38) . These lactococcins, like LsbB, differ greatly from the pediocin-like bacteriocins in that their inhibition spectrum is much narrower, targeting primarily lactococcal cells, whereas most pediocin-like bacteriocins have a much broader inhibition spectrum, and they somehow do not target lactococcal cells (38) . This extreme species specificity has been found to rely on sequence differences between the lactococcal man-PTS and the non-lactococcal man-PTS (38) .
It has been suggested that most two-peptide bacteriocins probably form a transmembrane helix-helix structure (11) . In the case of the two-peptide bacteriocin lactococcin G, one of the peptides (LcnG-␣), like LsbB, contains a series of cationic residues (residues 35-39: RKKKH) at the C-terminal part. This feature is believed to function as a means to force the peptide through the target cell membrane by the membrane potential (39) . Whether this is the case also for LsbB with regard to this basic feature awaits further investigation. There are several other features on the C-terminal part of LsbB worthy of note because they appear to be essential in receptor binding. The residues Ala 30 (the last residue) and Trp 25 are indispensable. The six fragments P4-1 to P4-6 are all of the same length (10 aa), and together they cover the last 15 aa of LsbB. Only P4-6, which contains Ala 30 , had blocking activity, whereas the remaining peptides that lack Ala 30 did not block LsbB at all. Similarly, replacement of several residues in P4-6 with alanine did not have any detrimental effect on their blocking activity, except for the substitution of Trp 25 , which totally abolished the blocking activity of the resulting peptide (PA-3, Table 2 ). The latter result is in line with the same substitution (W25A) in the full-length LsbB, which showed that the resulting LsbB-W25A totally lost the antimicrobial activity (Fig. 3) . At present there are no clues as to how these two residues interact with the receptor. Because both residues (Trp 25 and Ala 30 ) have a hydrophobic nature, it is feasible that they are placed in important hydrophobic environments, either within the receptor or the lipid core of the membrane.
Interestingly, it has been shown that tryptophan residues in similar positions as found with LsbB are important for the activity of some pediocin-like bacteriocins (40, 41) . Only further investigation can provide more molecular details on these residues in terms of receptor binding or mode of killing.
The substitution E26A increased blocking potency of the resulting peptide PA-4 (GGYPWARGKA; see Table 2 ). It is reasonable to think that removal of the negative charge (Gly to Ala) will increase the affinity of the resulting peptide to the negatively charged membrane, thereby strengthening its blocking ability. Based on this result, one would anticipate that the same substitution (E26A) on the full-length peptide would outperform the other peptides in antimicrobial activity. Surprisingly, it did not turn to be the case (Fig. 3) . This unexpected result might indicate that the receptor binding domain and the membrane-disruptive domain on LsbB are not physically distinct. To delineate the role of this glutamate residue in these two processes probably requires structural detail from the interaction between the bacteriocin and its receptor; however, this is beyond the scope of the present study.
Trp 25 and Glu 26 are part of a conserved motif KXXXGXX-PWE, which is found in all the LsbB-like peptides, a group presently containing six members: LsbB, EntQ, EntK1, EntEJ97, EntEJ97T-HP, and Duracin 41D-HP (Fig. 4) , the last two being hypothetical peptides (HP) as their antimicrobial activity has not been confirmed yet. We suggest that this motif is referred to as the LsbB-like consensus. The high sequence similarity at their C-terminal halves suggests that they all might recognize the same receptor as LsbB. This notion is indeed supported by the fact that truncated versions representing the last 20 aa of EntEJ97 (EntEJ97T-HP) and EntK1 displayed the ability to block the antimicrobial activity of LsbB (Table 2) .
Although LsbB shares with the other LsbB-like peptides a high sequence similarity at its receptor binding domain, it differs greatly from the others in terms of inhibition spectra. LsbB targets primarily lactococcal cells (17) , whereas the enterocins (EntQ, EntEJ97, and EntK1) have a much wider inhibition spectrum that also includes lactococcal cells (13, 42) (data not shown for enterocin K1). This species specificity resembles, to some extent, to that of Lactococcin A/B and the pediocin-like bacteriocins as described above. Preliminary results indicated that some strains of Enterococcus, Pediococcus, and Lactobacillus that are sensitive to EntQ, EntEJ97, and EntK1 (but not to LsbB) also contain an YvjB homologue in their genomes. These proteins share homology with the lactococcal YvjB (428 aa) over their entire length, with a score varying from 46 to 54% identity. It is of great interest to examine in future work whether these YvjB homologues could serve as receptors for these enterocins and whether there are sequence differences in these proteins that define their observed species specificity.
Most, if not all, leaderless bacteriocins are small peptides produced without posttranslational modification or processing (6, 14) . These features make it relatively easy to obtain them by chemical synthesis and to subject them to structural and mutation analyses. Such approaches can provide important insights into the interactions at amino acid levels between the bacteriocins and their receptors and hence their mode of action, a field that is poorly understood for most bacteriocins. Further, delineating the differences behind target specificity is also of great interest because it can not only help explain the biological and evolutionary aspect of these bacteriocins but also can provide leads to design drugs with desired specificity and/or improved potency.
